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Abstract

Many industrial uses for liquid phase miscl-
bility gap a11oys have been proposed. However,
the commercial productlon of these alloys into
useful ingots with a reasonable amount of homoge-
neity is arduous because of their immiscibll_ty
in the liquid state. In the low-g environment of
space gravitational settling forces are abated,
thus solidiflcation of an immiscible a11oy with a
uniform distribution of phases becomes feasible.
Elimination of gravitational settling and coales-
cence processes in low-g also makes possible the
study of other separation and coarsening
mechanisms.

Even with gravitational separation forces
reduced, many 1ow-g experiments have resulted in
severely segregated structures. The segregation
in many of these cases was due to preferential
wetting of the crucible by one of the immiscible
liquids. Our objective was to analyze the wet-
ting behavior of Pb-Zn alloys on various crucible
materials in an effort to identify a crucible in
which the fluid flow induced by preferential wet-
ring is minimized. It is proposed that by choos-
ing the crucible for a particular a11oy so that
the difference in surface energy between the solid
and two llquid phases is minlmlzed, the effects of
preferential wetting can be diminished and posslbly
avoided.

Qualitative experiments were conducted and
have shown the competitive wetting behavior of the
immiscible Pb-Zn system and 13 different crucible
materials. The three crucibles preferentially wet
by Zn were attacked by the molten Zn and partially
or completely dlssolved. Of these Nb reacted the
least. Of the crucible materials preferentially
wet by Pb, carbon and tungsten had the largest
dihedral angles, thus C and W are believed to
have the smallest surface energy difference and
therefore minimize the possibility of complete wet-
tlng and associated fluid flows. It is expected
that this procedure will assist in the choice of
crucibles, for other alloys as well as Pb-Zn,
which will reduce the fluid flow and segregation
normally caused by competltive wettlng in low-g.

Introduction

An a11oy containing a llquld-phase mlsclbil-
ity gap has a two-phase fleld conslstlng of Immls-
clble liquids. The Pb-Zn system has such a
llquld-phase mlsclbillty gap as shown in the phase

dlagram in Fi_. 1. 1,2 Hundreds of Immlsclble
alloys exist. However, the processlng of these
alloys is generally considered impractical due to
their immiscibility In the liquid state. In the
immiscible field the two llqulds separate due to
thelr different densities, similar to the way oll
and water separate.

The low-g environment of space provides a
unique opportunity to process these alloys. In
low-g it Is possible the immiscible liquid drop-
lets which form in the parent liquid will not seg-
regate since gravitational Stokes settling forces
have been nearly eliminated. The ability to study
this large group of alloys without gravity-induced
segregation has sparked new interest in these
alloys and their possible applications. Liquid-
phase mlscibility gap alloys are presently being
developed for electrical contact applications.
Other possible uses are as superconductors, catal-
ysts, permanent magnets, bearings and superplastic
materlals.4, 5 To develop immiscible alloys for
these applications ingots are needed with a uni-
form distribution of phases. Solidification of
these alloys in low-g will help us to attain this
goal and contribute to our understanding of the
processes by which immiscible a11oys segregate on
earth.

This research was done in support of the
deslgn and development of a planned Space Shuttle
experiment using a Get-Away-Special canister.6, 7

Many of the immiscible alloys previously proc-
essed in low-g have resulted in severely segregated
structures due to unexpected fluid flow and other
uncertaln experimental parameters. 8-12 These
experiments have shown the importance of the wet-
ring behavior of the two immiscible liquids and
the crucible. Upon cooling into the immiscible
phase field small droplets of at least one of the
two liquids form. The two liquids have different
composltions and a different equilibrium wetting
angle with the crucible. Consider, for example,
a Pb-rlch droplet in a melt of average composition
Zn-40 wt % Pb, just touching the alumina crucible
contalnlng the melt. If the Pb-rlch alloy prefer-
entlally wets the alumina relative to the parent
llquid the Pb-rich droplet will tend to spread out

on the cruclble. This motion will cause fluid

flow, thus helping other Pb-rich droplets to con-
tact the crucible. This autocatalytic process
promotes further coalescence and segregation of
the two liquids. In low-g this may result in the
Pb-rich liquid coating the inside of the crucible
and the Zn-rlch liquid collecting in the center.
Thus nearly complete segregation of the two phases
may result even though gravity-driven sedimenta-
tion has been eliminated.

Macrosegregatlon due to preferential wetting
of this type may be avoided in less concentrated
alloys (=I0 vol % or less) by the majorlt phase
preferentially wetting the crucible 13 14y Thls of

course does not help us when attempting to process
more concentrated alloys. Also, there is evidence
that mlnorlty phase droplets which do not wet the
crucible may be pushed away from the crucible wall
causing flow and macrosegregation. 14 Thus, a
knowledge of the wetting behavior is required for
the Interpretatlon of structures and the efficient
design of cruclbles for low-g experlmentation.



Cahn'stheorystatesthat complete preferen-
tial wetting of the crucible by one of the llqulds
occurs at temperatures near the critical point at
the top of the Immlsclble dome. 15,16 The balance
of interfaclal energies between the two llquids
and the crucible is given by

YL1L 2 cose = YSL 1 - YSL2 , (1)

where the angle e this the dlhedral angle shown

in Fig. 2, YLIL 2 Is the interfac_al free energy
at the boundary between the two Immlsclble llqulds,

and YSL I and YSL 2 are the solld-L I and solid-L 2
Interfaclal free energies respectively. Complete

wettlng occurs when e equals zero and at unde-
flned values of cose such that

YLIL 2 < IYSLI - YSL21 (2)

Heady and Cahn 16 showed in the methylcyclohex
ane-perfluoromethyl-cyclohexane immiscible system
that the left-hand side of Eq. (2) decreases to

zero with a aTucl_3jelatlonshlp and the right-
hand slde as aTuc u.j, where aTuc is the under-
cooling, or temperature difference below the
immlscible dome. Thus, at some temperature below

the critical temperature perfect wetting of any
solld by one of the liquid phases is expected.
By choosing the crucible for a particular a11oy
so that the dlfference In surface energy between
the solid and two llquid phases is minimized, the

effects of preferential wettlng may be dlmlnished
and posslbly avolded.

Many theorles have been developed in an
effort to model and predict solidiflcation and
the final structure of Immlscible alloys. 12,17

Attempts have been made to study and model separa-
tion and coarsening mechan|sms. 15,18 These me-
chanlsms are often overshadowed by the effects of

preferentlal wetting, thus making their study dlf-
ficult if not _mpossible. E1imlnatlon of crucible

wetting processes would enable us to study these
mechanisms as well as help in the production of a

less segregated product in 1ow-g. The objective
of the present work was to identify a cruclble
material In which the fluid flow Induced by the

wettlng behavior between the Pb-Zn a11oy and cru-
cible would be ellmlnated or significantly
reduced.

A series of experiments was conducted and

has qualltatively shown the competltive wetting
characterlstlcs between the Pb-Zn Immlsclble

alloy system and varlous cruclble materials.

Approximate wettlng angles at the cruclble-Pb-Zn
interface were measured in an effort to find a

cruclble such that the Interfaclal energies

between the crucible and liqulds is mlnlmized.
It Is hoped that thls analysis will assist in the
choice of cruclbles, for other a11oys as well as
Pb-Zn, which will reduce the fluid flow and segre-

gatlon normally caused by competitive wetting in
low-g.

Experlmental Procedure

The crucible materlals listed In Table I were
cut to flt Inslde 518 in. i.d. fused sillca test

tubes and placed vertIcally In the tube with
approxlmately 25 g of Pb-35 wt % Zn (when solld
approxlmately Pb-46 vol % Zn). The Pb and Zn

material used was 99.999 percent pure. The crucl-
ble materlal and alloy were sealed in a fused sil-
Ica tube or a stalnless steel container. In some

cases, as noted in Table l, crucibles were made

of the test materla1. In these cases wettlng
angles were measured from the container crucible
itself. Figure 3 shows schematlcally the test
tube and crucible test material arrangement. All
samples were heated above 816 °C, brlefly renw_ved
from the furnace and mixed by gentle agitation,
reheated to above 816 °C, soaked at temperature
for at least 10 min and slowly cooled. The aver-

age cooling rate through the immlscible liquid
region and solidification was 0.2 °C/sec.

After solidlflcatlon, lngots were sectioned

1ongltudinally along the centerllne, perpendlcu-
lar to the cruclble test material, and mounted in

metallographic epoxy such that the cross section
could be viewed. Mlcrographs were taken after
pollshing and approximate wettlng angles measured
from the micrographs. The wettlng angles llsted
In the table are meant only as a qualltatlve com-
parison of wetting behavlor of the different cru-
clble materials. The wetting angle e was always
measured through the preferentlal wettlng 11quld

as shown in Flg. 2.

Results

Table 1 shows the crucible materlal tested,
preferential wettlng llquld phase, and approximate

wetting angle. The materlal Macor Is a fully
dense machinable glass supplied by Cornlng Glass.

The ZYP coating was used on a stainless steel con-
tainer and is a slllca-based palntable coatlng

designed for metal substrates and supp1|ed by ZYP
Coatlngs Inc. The SIC was a hot-isostatlcally-
pressed rectangular bar. The wetting angles In
Table l are the mean of several measurements.
Three to ten measurements were made to deter-

mine e. The hlgher number of samples were made
of materials In which large scatter appeared In
e. Flgures 4(a) to (c) show Pb-Zn wetting
behavior upon Nb, S|C, and W respectlvely.

A11 of the materlals preferentlally wet by
Zn were attacked by the Zn and reacted wlth It.
Nloblum reacted the least and nickel the most.

Nickel completely dlssolved in the molten z|nc.
The reaction wlth nloblum was slightly less
severe than that wlth cobalt. Zlnc completely
wet the cobalt plate and reacted to form Co-Zn
intermetallics at the Co plate-Zn Interface.

Such potentlal re&ctlons must be considered when
chooslng cruclble materlals. If Zn wettlng Is

required and contaminatlon of the Zn can be toler-
ated, Nb is the recommended crucible material.

Of the cruclble materials which were prefer-
entially wet by Pb, carbon and tungsten had the
two largest three phase dihedral angles, e.
Therefore C and W are the best choice of the cru-

clble materlals tested here when preferential wet-

ting by Pb over Zn and a mlnimizatlon of

YSLI-YSL2 Is desired.



Summar Z

In order to minimize the fluid flow and seg-
regation caused by preferential wetting of one of
the immiscible liquid phases in low-g, the majority
phase should preferentially wet the container and
the surface energy difference, YSLI-YSL2, mini-
mized. Smaller surface energy differences are
characterized by larger values of the dihedral
angle, e.

Thirteen readily available materials were
investigated as possible container materials for
Pb-Zn alloys. The phase which preferentially wet
each test material was determined and approximate
contact wetting angles measured.

The three crucible materials preferentially
wet by Zn were also chemically attacked by the Zn.
Niobium was the least reactive and is the recom-
mended material for use when preferential wetting
by Zn is required and Nb contamination of the Zn
can be tolerated.

Of the crucible materials preferentially wet

by Pb, C and W had the two largest dlhedra] angles
and thus are the recommended materials when wet-

ting by Pb over Zn is required and minimlzation of
fluid flow due to critical and preferential wet-

ting is desired.
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TABLE I. - PREFERENTIAL WETTING LIQUID AND QUALITATIVE
WETTING ANGLES BETWEEN Pb-Zn IMMISCIBLE LIQUIS ON

VARIOUS CRUCIBLE MATERIALS

Crucible

material

Niobium

Cobalt
Nickel

SiC

Macor glass
Fused silica

A1203

ZYP coating

"S-prime-mod"
Boron nitride

Molybdenum
Tantallum

Tungsten
Carbon

Form of
crucible
material

Sheet
Plate
Plate
HIPed

bar
Crucible
Crucible
HIPed

bar
Cruclble

Prefer-

ential

wetting
liquid

Postsolid-
Ificatlon

wetting
angle,

O,
deg

9
11

II

13

Plate
Sheet
Sheet
Sheet
Plate

Zn

Zn
Zn
Pb

14
24
27
37
48
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FIGURE I. - PHASEDIAGRAMFOR Pb-Zn [1,2].

I
100

4



LI

\

L1L2 INTERFACE

FIGURE 2. - THETA (e) IS THE DIHEDRAL ANGLE AT

THE THREE PHASE JUNCTION MEASURED THROUGH

THE PREFERENTIAL WETTING LIQUID.

TESTFUSED
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SILICA/--_\ // _'IATERIAL
\ /

// ",\ [I / I\

41"
In

FIGURE 3. - SCHEMATIC CROSS SECTION Of SILICA TEST TUBE, Pb-Zn

INGOT, AND TEST CRUCIBLE MATERIAL. (LEFT, WETTING AT CON-

TAINER CRUCIBLE WALL; RIGHT, WETTING AT TEST CRUCIBLE

MATERIAL.)
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ORIG_',IAL PAG_E 16
OF POCR QUA,L]TY

(a) Nb SHEET, ZINC CORPLETELY WETS THE Nb.

oI

(b) SiC HIPED BAR.

(c) W SHEET.

FIGURE q. - OPTICAL PHOTORICROGRAPH OF PU-Zn INGOTS WITH VARIOUS CRUCIBLE TEST MATERIALS

PLACED DOWN THE CENTER PRIOR TO MELTING.
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